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(Some figures in this article are in colour only in the electronic version) Materials and structures with coupled magnetic and electric characteristics have recently attracted significant interest due to intriguing physical properties and potential applications [1] [2] [3] [4] [5] [6] . The coupling occurs through a magnetoelectric effect, which is considered to be a prospective way to manipulate the material's magnetization by applying an electric field. Bulk multiferroics are among the most familiar materials of this type [1] . Other structures which demonstrate coupled electric and magnetic order parameters are heterostructures composed of dielectric (ferroelectric) and ferromagnetic components. In these heterostructures the magnetoelectric coupling occurs across interfaces and may be much stronger than in bulk multiferroics [2] [3] [4] [5] . In a broader vision magnetoelectric effects also involve electrically controlled interface magnetic order [7, 8] , exchange bias [9] [10] [11] [12] , spin transport [13] [14] [15] [16] [17] , and magnetocrystalline anisotropy [18] [19] [20] [21] [22] [23] [24] .
Several known mechanisms give rise to magnetoelectric effects. Intrinsic magnetoelectric coupling occurs in compounds with no time-reversal and no space-inversion symmetries [1] where an external electric field displaces the magnetic ions, altering the magnetic properties of the compound [25] .
Magnetoelectric coupling may also occur in composites of electrostrictive and magnetostrictive compounds where the order parameters are affected by mechanical strain coupling between the constituents [26, 27] . At ferromagnet/insulator interfaces the magnetoelectric effect may originate from purely electronic mechanisms. It was predicted that atomic displacements at the ferromagnet/ferroelectric interface caused by ferroelectric switching change the overlap between atomic orbitals at the interface, which in turn affects the interface magnetization [28, 29] . Recently it was demonstrated that a magnetoelectric effect can be induced by free carriers [30] . In this case, due to spin-dependent screening [31] , an applied electric field produces an accumulation of spin-polarized electrons or holes at the metal-insulator interface resulting in a change of the interface magnetization [18] and exchange splitting [32, 33] .
In this paper we predict a new magnetoelectric effect originating from the interlayer exchange coupling (IEC) between two ferromagnetic layers separated by an ultrathin ferroelectric barrier. It is known that magnetizations of two ferromagnetic layers separated by a non-magnetic metal or thin dielectric barrier are exchange coupled [34, 35] . In the case of a metallic spacer, the IEC is controlled by the RudermanKittel-Kasuya-Yoshida (RKKY) interaction that is mediated by the conduction electrons of the metal spacer layer and results in IEC oscillations with spacer thickness [35] . In the case of an insulating barrier, the IEC is determined by evanescent states in the barrier and exponentially decreases with barrier thickness. The IEC is interrelated with the relevant phenomenon of tunneling magnetoresistance (TMR) which is observed in magnetic tunnel junctions [36, 37] . In some cases both the IEC and TMR may be assisted by resonant effects [38, 39] . Experimental observation of the IEC across a tunnel barrier is more demanding compared to metallic spacers because of the rapid decay of the IEC amplitude with barrier thickness. Nonetheless, measurements of the IEC across a MgO barrier have been performed and showed a sizable magnitude [40, 41] .
Use of a nanometer-thick ferroelectric barrier as a spacer layer allows us to control the magnitude (and sign) of the IEC by an external electric field through ferroelectric polarization switching. The effect occurs due to a change in the electrostatic potential profile across the junction with asymmetric interfaces similar to that in ferroelectric [42] and multiferroic tunnel junctions [43] . The change in the electrostatic potential affects the evanescent states and changes the electronic properties of the interfaces responsible for the IEC. Thus, switching the ferroelectric polarization of an ultrathin ferroelectric barrier makes it possible to affect the IEC and hence allows control of magnetic properties by electric means.
To calculate the IEC we consider two semi-infinite ferromagnetic electrodes separated by a thin ferroelectric barrier of thickness d. We use a free-electron model within an effective mass approximation to describe the electronic structure of the system. The exchange splittings of the freeelectron bands in the left and right electrodes are introduced via parameters n such that the spin-dependent potentials in the ferromagnetic layers are given by V σ n = V n ±1/2 n , where σ is the spin index, σ =↑, ↓, and index n = 1, 2 corresponds to left and right ferromagnetic electrodes, respectively. The ferroelectric layer is assumed to be uniformly polarized in the direction perpendicular to the plane. The overall potential in our model is the sum of the rectangular potential which determines the bottoms of the bands and the spin-dependent potential φ σ (z) caused by the spontaneous polarization of the ferroelectric barrier. The latter is obtained by applying shortcircuit boundary conditions and the Thomas-Fermi model of screening taking into account spin-dependent screening [31] , as was described previously [43] . The resulting potential can be represented as follows:
where σ S is the screening charge
ε f is the dielectric constant of ferroelectric at saturation, λ n is the screening length in electrode n (n = 1, 2)
ρ σ n is the spin-dependent density of states at the Fermi energy,
n , J n is the Stoner exchange parameter, and
Figure 1 displays schematically the resulting potential profile of the system. The IEC energy per unit area is given by E IEC = −J cos θ , where θ is the angle between magnetizations of the two ferromagnetic layers. Positive values of the coupling constant J favor parallel alignment of the magnetizations, and negative values favor antiparallel alignment. To calculate the IEC constant J we use the approach based on the torque produced by rotation of the magnetization of one ferromagnet relative to that of the other [44, 45] . The torque is related to spin current j s in a way that allows us to obtain the IEC constant J from the relationship J sin θ = −1/2h j s . Assuming that the z-axis lies perpendicular to the planes (figure 1), the spin current can be written as follows: j s = Re ψ † σ z v z ψ , where ψ is the wavefunction of the system, v z is the zcomponent of the velocity operator v = −ih∇/m, and the angular brackets denote averaging over orbital and spin states which involves integration over the transverse momenta k and the energy E weighted with the Fermi distribution function and the summation over contributions from majorityand minority-spin electrons incident from the left and right ferromagnetic layers. The solution of the Schrödinger equation for wavefunction ψ is obtained numerically using appropriate boundary conditions.
Below we investigate the dependence of the IEC constant J on ferroelectric barrier thickness d and band parameters characterizing ferromagnetic electrodes. In all the calculations we set the Fermi energy E F = 2.6 eV (with respect to the potential energy V 1 = 0) and fix the exchange splitting in the left electrode 1 = 3.6 eV. These values may be considered as representative for a Fe electrode [38] . The ferroelectric barrier is described by a free-electron band lying at U = 0.5 eV above the Fermi energy and the effective electron mass m = 0.18m 0 , where m 0 is a free-electron mass. These values provide the attenuation constant in the barrier consistent with the firstprinciples calculation for a Pt/BaTiO 3 /Pt ferroelectric tunnel junction (FTJ) [46] . Figure 2 shows the calculated IEC constant J as a function of barrier thickness d for two opposite directions of ferroelectric polarization P, the magnitude of which is set to P = 75 μC cm −2 , appropriate, for example, for PbTiO 3 . In the calculation we assume the same exchange splitting in the ferromagnetic electrodes 1 = 2 but different potential energies, i.e. V 1 = 0, V 2 = 0.6 eV. As is seen from figure 2, there is a pronounced difference between the IEC for polarizations pointing in opposite directions. The IEC is higher for polarization pointing to the right, i.e. in the direction of the electrode with the lower Fermi energy, due to the lower average barrier height for this direction of polarization. The latter behavior is similar to that found in an asymmetric FTJ and is one of the origins of the tunneling electroresistance effect [42] . The difference in the IEC constant for opposite polarization orientations depends on the magnitude of ferroelectric polarization and increases with P almost linearly (see the inset in figure 2) . At large barrier thicknesses the IEC coupling decreases exponentially, as expected from the exponential decay of the wavefunction transmitted through the barrier [44] . The asymmetry in the IEC with respect to polarization orientation is preserved even at large barrier thicknesses. At small thicknesses the coupling reaches a maximum then drops, changing its sign, which is the feature of the IEC calculated within a free-electron model [35] . We note, however, that though the ferroelectricity persists down to vanishingly small thickness of a ferroelectric film, the film must be at least one unit cell thick and hence the minimal value of d is about 0.4 nm.
The change in IEC with ferroelectric polarization reversal is sensitive to asymmetry in the electronic band structure of the two ferromagnetic layers. Figure 3(a) shows the dependence of IEC on V 2 that determines the band offset between the ferromagnets. In the calculation the exchange splitting of the spin bands in the two ferromagnets was assumed to be the same, i.e. 1 = 2 = 0.6 eV, and barrier thickness was set to be d = 0.8 nm. It seen that the increasing asymmetry in the band structure of the system leads to the greater difference between the IEC constants for opposite ferroelectric polarization orientations. For V 2 = 0.8 eV the left electrode becomes a half metal that results in a factor of two difference in J .
A qualitatively similar effect occurs when the asymmetry in the band structure between the two ferromagnets is introduced through the exchange splitting. This is evident from figure 3(b) which shows the dependence of the IEC constant on 2 for different polarization directions. It is seen that the increasing exchange splitting 2 in the right electrode (with In conclusion, we have predicted the possibility of IEC between two ferromagnets separated by an ultrathin ferroelectric layer that allows the control of this coupling through ferroelectric polarization orientation. We found that the relative change in the IEC constant depends on the asymmetry in the electronic band structure of the two ferromagnets, and for typical values of ferroelectric polarization it can be as large as a factor of two. The magnitude of the IEC constant has sizable values for subnanometer-thick ferroelectric films but decays exponentially with larger thicknesses of the ferroelectric layer.
The predicted phenomenon reveals a new magnetoelectric effect and indicates the possibility of switching the magnetic configuration by reversing the electric polarization of the ferroelectric barrier layer.
